ABSTRACT Body surface potential maps were recorded from 140 chest leads in 25 patients affected by the idiopathic long QT syndrome (LQTS) and in 25 healthy control subjects matched for age and sex. Potential time integrals of the QRST and ST-T intervals were calculated at each lead point and displayed as isointegral (ISOI) maps. The main abnormalities noted on the QRST and ST-T ISOI maps were one area of negative values larger than normal in the right anterior and inferior thorax and a complex multipeak distribution of the integral values. At least one abnormality was present in 19 (76%) of the patients with LQTS and four (16%) of the control subjects (p < .001). Each ISOI map was also represented as a weighted sum of nine fundamental components (eigenvectors) to detect and quantitate the nondipolar content. The percent contribution of the nondipolar eigenvectors (all eigenvectors beyond the third) was significantly higher in the LQTS group than in the control group (p < .005). Specifically, an abnormally high nondipolar content on the QRST ISOI maps was observed much more frequently for patients with LQTS than for control subjects (nine or 36% vs one or 4%), and this was also true on the ST-T ISOI maps (14 or 56% vs one or 4%). No correlation was found between the major abnormalities on body surface maps and syncopal episodes. However, the high prevalence (76%) of these alterations among the patients with LQTS and their infrequent occurrence in the control population strongly suggests that they may be useful markers for the diagnosis of atypical cases. The prominent electronegative area on the anterior thorax can be related to delayed repolarization of a portion of the anterior wall of the heart. This finding is in agreement with the hypothesis that lower than normal right cardiac sympathetic activity is the main pathogenetic mechanism of LQTS. Multipeak distribution and high nondipolar content suggest regional electrical disparities in the ventricular recovery process. This may in part account for the high susceptibility of patients with LQTS to malignant arrhythmias. Circulation 74, No. 6, 1334-1345 THE ELECTROPHYSIOLOGIC alterations underlying the idiopathic long QT syndrome (LQTS) are still unknown. Clinical and experimental observations'-3 support the hypothesis that the most likely pathogenetic mechanism of LQTS is an imbalance in the sympathetic innervation of the heart. Specifically, the basic defect might be lower than normal right cardiac sympathetic activity with reflexly high activity of the left cardiac sympathetic nerves. These concepts are reflected in the current therapy for LQTS.4
also true on the ST-T ISOI maps (14 or 56% vs one or 4%). No correlation was found between the major abnormalities on body surface maps and syncopal episodes. However, the high prevalence (76%) of these alterations among the patients with LQTS and their infrequent occurrence in the control population strongly suggests that they may be useful markers for the diagnosis of atypical cases. The prominent electronegative area on the anterior thorax can be related to delayed repolarization of a portion of the anterior wall of the heart. This finding is in agreement with the hypothesis that lower than normal right cardiac sympathetic activity is the main pathogenetic mechanism of LQTS. Multipeak distribution and high nondipolar content suggest regional electrical disparities in the ventricular recovery process. This may in part account for the high susceptibility of patients with LQTS to malignant arrhythmias. Circulation 74, No. 6, 1334-1345, 1986 THE ELECTROPHYSIOLOGIC alterations underlying the idiopathic long QT syndrome (LQTS) are still unknown. Clinical and experimental observations'-3 support the hypothesis that the most likely pathogenetic mechanism of LQTS is an imbalance in the sympathetic innervation of the heart. Specifically, the basic defect might be lower than normal right cardiac sympathetic activity with reflexly high activity of the left cardiac sympathetic nerves. These concepts are reflected in the current therapy for LQTS. 4 The recovery process of myocardial fibers is markedly influenced by sympathetic activity and regional variations in sympathetic drive result in local changes in recovery times.' This may alter the sequence of ventricular repolarization and provoke greater disparities in electrical potential among myocardial areas. A more diverse pattern of repolarization may produce a more complex, perhaps multipolar potential distribution at the body surface that would not be revealed by the conventional 12-lead electrocardiogram (ECG), but only by potential mapping of the entire chest.
In patients with LQTS the standard ECG shows various nonspecific abnormalities of the T wave in addition to QT prolongation; in some cases the ECG may even be normal. 4 Body surface potential maps (BSPMs), which have been proven to provide diagnostic information undetectable by the conventional 12- lead ECG,6 1 might be a suitable method for revealing even small abnormalities of ventricular recovery in patients with LQTS. CIRCULATION The aim of this study was (table 1) . As the upper limit of normal for the QT interval corrected for the heart rate according to Bazett's formula, we used QTc = 440 msec. Three patients had a QTc within normal limits in lead II, but were considered to have LQTS on other grounds.4 Specifically, they all had demonstrated syncope, and other family members showed the full picture of LQTS. Two patients had prolonged QTc intervals in leads other than lead II and one had a prolonged right ventricular endocardial monophasic action potential.
Thirteen patients were receiving long-term treatment with propranolol and four had undergone high thoracic left sympathectomy. The asymptomatic patients were not treated, in keeping with our policy for the management of these patients. 4 Twenty-five healthy subjects were matched for sex, age (+2 When eigenvector analysis (see Appendix) is used, derivation of precise probability density functions for the coefficients (aj,k) and for the percent content of the various eigenvectors (PCr,s,j) is quite difficult and the normality of distribution is uncertain. Accordingly, mean values of these coefficients were compared by means of a nonparametric test (Wilcoxon test for unpaired data).
Results
The observation of at least one abnormality either on the isointegral maps or in the eigenvectors was more frequent among patients with LQTS than among control subjects (19/25 or 76% vs 4/25 or 16%, p < .001).
In view of the absence of thorough reports on body surface potentials in patients with idiopathic LQTS. Control subjects. The potential distribution during the ST-T interval was similar to that already described for normal subjects.1157
During the T wave, the potential minimum was consistently observed in the right clavicular or scapular area and the mqximum was located in the precordial region. In the great majority of cases, slight shifts in the potential extrema were observed during the entire T wave; however, in four subjects 10 to 14 years old the maximum migrated from the sternal area to the left axilla and again toward the parasternal region during the last instants of the T wave. In one subject, a second maximum appeared in the lower left lateral wall 130 msec after the end of the QRS. This maximum moved superiorly to the axilla and became the principal maximum.
In all but one control subject, potential distributions temporally related to the U wave on the surface ECG could be identified; the potential distributions were similar to those previously described by Spach et al. 18 Generally, we observed a period of transition from the T to the U wave lasting 20 msec or more, during which the amplitude of the voltages remained stable. Thereafter, the maximum slightly increased (the highest value varied from 38 to 176 ,V, mean value 76 + 36) for a varying interval of time, and then progressively decreased. Throughout the U wave, the potential maximum was in the same position as the T wave maximum, or slightly to its right. Negative potentials of low voltage were measured all around the maximum.
Patients with LQTS. During the initial phase of repolarization (initial two-eighths of the ST-T interval), the potential maximum was normally located in all but three patients. The potential minimum was ill-defined, as in control subjects.
At three-eighths of the ST-T interval in the great majority of patients the potential maximum was located in the midsternal or left mammary area; the minimum lay within a negative area covering the right scapular, axillary, or mammary region.
During the phases that followed until the end of repolarization the potential distribution was substantially unchanged in seven patients, with only slight shifts of the location of the potential extrema.
In 14 patients, at five-to six-eighths of the ST-T interval a migration of the maximum toward the left axillary region was observed; in five of these patients the maximum persisted in this region until the end of the ST-T interval, whereas in the remaining nine paVol. 74, No. 6, December 1986 tients it again moved toward the left mammary or parasternal region during the last eighth of the ST-T interval.
In two patients minor variations in this pattern were observed. In one patient (No. 19), the sternal maximum did not migrate to the left axilla, but a second maximum appeared at four-eighths of the ST-T in the left axilla and it progressively increased while the first maximum vanished. In the second patient (No. 14), at five-eighths of the ST-T interval the maximum migrated to the left posterior axillary line and to the back and then it moved again to the initial position, while the most negative potentials remained confined within the right lower half of the back.
In the remaining two patients the sequence of potential patterns was quite different from those previously described. In one (patient 7), a second minimum appeared below the maximum at three-eighths of the ST-T and it increased progressively to become the principal potential minimum. Meanwhile, the sternal maximum vanished and a new maximum appeared on the back. Also, the migration of the extrema was complex: at the five-to six-eighths of the ST-T interval the dorsal maximum migrated toward the axilla and the left mammary region, shifting the minimum from the sternal area to the right clavicular region. In the other patient (No. 13), during the first two-eighths of the ST-T the minimum was observed in the left axillarymammary region and the maximum was located in the right clavicular area. The maximum then moved backward and it reached the left axilla at five-eighths of the ST-T, while the negative potentials covered the entire right thorax with a minimum located along the left lower sternal border. During the final phase the potential maximum reached the sternal area, while the minimum migrated to the right submammary region.
The mean highest voltages attained by the potential extrema during repolarization were not significantly different from those in control subjects (592 ± 292 and -327 ± 151 uV vs 631 ± 193 and -292 ± 94 MV), but the positive and negative peak values were attained significantly later after the QRS onset than in control subjects (380 ± 71 and 402 ± 58 msec, respectively, vs 294 ± 39 and 297 + 35 msec, p < .001).
In seven patients U wave potentials were identified on the basis of the following pattern: during the final phase of the T wave, the potential maximum progressively decreased and after a period of stability it increased again, reaching a value ranging from 39 to 137 ,uV (mean value 96 ± 38).
In four patients the T wave maximum decreased to a 1337 voltage level of 70 to 100 ,V, and then remained stable for quite some time (70 to 110 msec) before decreasing again. This potential pattern was considered to be an expression of partial TU overlapping. The potential distribution during the U interval was characterized, as it was in control subjects, by one maximum in the mid lower sternal or left mammary region and by low-level negative potentials without a clear-cut minimum that could be found anywhere around the maximum.
In 14 patients U wave potentials could not be distinguished because the potential extrema progressively decreased from the peak T value until measurable repolarization potentials disappeared. It is possible that in these cases the U wave was part of a larger TU complex. This fusion probably influenced the magnitude of the last T wave potentials, but it did not seem to give rise to complex potential distributions. In particular, the multipolar distribution observed in some patients with LQTS appeared earlier during the T wave than the presumed occurrence of the U wave. Thus, this would not have affected our results.
QRST integral maps
Control subjects. The mean isointegral map from the control subjects showed a bipolar distribution of the integral values with a minimum in the upper sternal area and a maximum in the left submammary region (figure 2). The mean values + SD for the maximum and minimum were 1 11 ±-41 and -47 + 18 ,V *sec, respectively. The individual isointegral maps showed only slight variations in the locations of the maximum
ST-T X 1 2 and minimum except in one subject in whom the minimum was in the lower sternal area ( figure 3 ). In none of the control subjects did negative values cover the entire anterior right thorax; however, in one subject the negative area reached the epigastric region.
Patients with LQTS. The mean isointegral map from the patients with LQTS showed a potential distribution similar to that of the mean isointegral map from the controls. Nevertheless, the difference map (mean map from patients with LQTS minus the mean control map)
showed that patients with LQTS had lower values on the inferior half of the trunk and on the right anterior thorax and higher values on the left anterior thorax compared with control subjects (figure 2).
The average values for maximum and minimum potentials were 124 ± 50 (NS) and -65 ± 34 gV sec (p < .05 vs control subjects), respectively. With respect to the individual isointegral maps, in nine patients the distribution of the integral values was apparently normal.
In 13 patients the negative values entirely or almost entirely covered the right anterior thorax (figure 4). Most of the minima were concentrated in the upper sternal or in the lower sternal region; the maxima were located in the left mammary or axillary region (figure 3) .
In six patients there was multipeak distribution of the integral values: four patients showed two minima and one maximum (figure 5) and two patients had two maxima and one minimum. In three of the six patients a large negative area was also present. 
ST-T integral maps
Control subjects. The mean isointegral map from the 25 control subjects showed a smooth distribution of the integral values, with a maximum in the left mammary region and a minimum in the upper sternal area (figure 2). The average values for the maximum and minimum were 88 ± 31 and -33 ± 12 ,uV.sec, respectively. The individual maps showed a slight variability in the patterns. The location of the minimum (figure 3) was the right scapular region in four subjects, whereas it lay on the right clavicular or upper sternal areas in 21 subjects. The maxima were located in the left parasternal-mammary region in all subjects (figure 3); in two a second maximum was observed in the left axillary region (in one it was in the upper portion and in the other in the mid lower portion).
Patients with LQTS. The mean isointegral map for patients with LQTS showed a distribution of values similar to that on the map for control subjects (figure 2), but the difference map showed that, on average, the integral values were lower in the patients than in control subjects in a large area covering the right thorax and the inferior half of the trunk (figure 2), a finding similar to that observed on the QRST difference map.
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The amplitudes of the potential extrema were 1 13 59 and -45 + 28 ,V sec and did not differ significantly from those observed in the control group.
With respect to the individual maps, the distribution of the integral values was very similar to that in the control subjects in nine patients. In nine patients the area of negative values covered entirely or almost entirely the right anterior thorax, extending to the left beyond the midsternal line in some cases (figure 4). In another six patients and in two patients in the last subgroup described, a complex distribution of the integral values was observed: among these eight patients, four had two maxima and one minimum (figure 6), two had two maxima and two minima (figure 5), one had two minima and one maximum, and in one patient there were three minima (the highest minimum was in the right scapular region and the remaining two were located anteriorly, one to the right of the maximum, and the second inferiorly; figure 7 Only the first nine eigenvectors were considered since each eigenvector beyond the ninth accounted for a very small proportion of the total information content of the maps obtained in our study population (less than 0.25%; see Appendix for calculation methods). The first three eigenvectors relating to QRST and ST-T isointegral maps, displayed as "eigenvector contour maps," showed smooth bipolar distributions with different locations of the peak values, whereas the eigenvectors beyond the third showed a more complex multipeak distribution ( figure 8) . Mean values of coefficients relative to the first nine eigenvectors on QRST and ST-T isointegral maps from control subjects and patients with LQTS are shown in table 2.
Significant differences were found between the average values of coefficients for control subjects and values for patients with LQTS for the third and the sixth eigenvectors. The third eigenvector contour map showed a minimum potential in the lower sternal-epigastric region and a maximum in the left subclavicu-1340 lar-mammary region and the contour map was quite similar for QRST and ST-T intervals, whereas the sixth eigenvector showed complex multipolar distributions for both intervals (figure 8). For the QRST and ST-T maps, we also calculated the cumulative contribution to each individual map of all eigenvectors beyond the third as a percentage of the total map content ( figure 9) . Since all the eigenvectors beyond the third showed a multipeak nondipolar distribution, this value may be taken, according to Abildskov et al., as the nondipolar content of a given map. On average, the contribution of nondipolar components (i.e., eigenvectors beyond the third) to the individual isointegral maps was greater for patients with LQTS than for control subjects (6.8 ± 4.2 vs 4.0 ± 1.6, p < .005. for QRST isointegral maps; 8.3 + 7.7 vs 3.8 ± 1.3, p < .005, for ST-T isointegral maps).
Also, in the patients with LQTS much greater interindividual variability was noted. We defined an abnormally high nondipolar contribution as a percentage exceeding the mean for the control population by more than 2 SD, i.e., 7.2% for QRST isointegral maps and 6.5% for ST-T isointegral maps. Values exceeding these thresholds were found on QRST isointegral maps of one control subject and nine patients with LQTS, and on ST-T isointegral maps of one control and 14 patients with LQTS ( figure 9 ). K.B. 16 yrs. 
Discussion
In this study the analysis of body surface potentials in patients with LQTS often showed an anterior thoracic area of negative potentials larger than normal during repolarization and a potential distribution more complex than normal. Although in some cases these characteristics were already evident on inspection of the sequence of instantaneous potential maps, in most instances they could be recognized only from the distribution of the QRST and ST-T integrals or after eigenvector analysis.
Instantaneous potential maps. The visual inspection of BSPMs revealed that the instantaneous potential distributions were grossly abnormal either with respect to the location of the extrema or to the simultaneous presence of multiple peaks in only a few patients with LQTS. In these cases the maps strongly suggested the existence of marked alterations in the normal sequence of ventricular recovery that are likely to give rise to electrical disparities in the heart. On the other hand, in most patients BSPMs revealed less marked abnormalities in the instantaneous distribution.
With respect to the potential minimum, in several patients with LQTS the negative potentials covered, during the entire repolarization, an area on the anterior Vol. 74, No. 6, December 1986 thorax larger than that covered in control subjects. The pattern of prominent anterior negativity could indicate that some portions of the anterior wall and/or of the septum repolarized later than other cardiac regions.
Noticeable shifts in the potential maximum, particularly during the latter portion of repolarization, were present much more often in patients with LQTS than in control subjects. The stable pattern during the later part of the normal ventricular recovery process has been related to the fact that boundaries of potential differences between areas at different stages of recovery are distributed in all or most of the ventricular mass and have a relatively stable location.'9 Actually, the described shifting of the potential maximum during the T wave could reflect a relatively nonhomogeneous cardiac electric state, since it may result from greater than normal differences in the recovery times between different ventricular regions.
Since the differences between normal and LQTS potential maps were hardly quantifiable by inspection of the instantaneous potential distributions, we decided to use time integral analysis of the 140 electrocardiograms from which the instantaneous potential maps The large negativity and the multipolar distribution found on the QRST isointegral maps were also observed on a similar percentage of ST-T isointegral maps of patients with LQTS. The only minor difference was that a multipolar distribution was observed in a few more patients with LQTS and also in two control subjects. All in all, this analysis did not provide significant additional information compared with that obtained from the QRST isointegral maps.
Eigenvector analysis. In 1981 Lux et al.14 proposed a method by which each potential map could be represented as a weighted sum of a few fundamental patterns (eigenvectors) and to quantitate the contribution of the spatial distribution of each eigenvector to the pattern of a given map. This method may also make possible the detection and quantitation of nondipolar components not evident on visual inspection of the isointegral map.33 This analysis assumes that any pattern of eigenvectors reflects, to some extent, the characteristics of the cardiac generator. Specifically, a more complex pattern would be likely to originate from more complex features of the cardiac generator.
The high contribution of the third eigenvector to isointegral maps of patients with LQTS indicates that these patients have, compared with control subjects, QRST and ST-T isointegral maps with a spatial distribution more similar to that of the third eigenvector ( figure 8 ). This confirms that patients with LQTS generally have an area of values lower than normal on their isointegral maps of the inferior right-anterior thorax.
The percent contribution of nondipolar eigenvectors to maps was strikingly higher among the patients with LQTS compared with control subjects. Moreover, eight patients with LQTS who had a high nondipolar content did not have a multipeak distribution on their isointegral maps. This demonstrates that eigenvector analysis can detect nondipolar components not evident on isointegral maps.
Clinical correlates. The major abnormalities observed were found to have no correlation with syncopal episodes, with age, or with the type of treatment. Thus, it On the other hand, the high incidence (76%) of these abnormalities among the patients with LQTS and their infrequent occurrence (16%) in the control population suggests that they may prove quite useful in diagnosing atypical cases. For example, one patient (No. 5, figure  7 ) in whom the QTc on the surface ECG was normal and in whom the diagnosis of LQTS was made on other grounds had clear-cut abnormalities on the BSPM.
Pathophysiologic implications. These findings are relevant to the pathogenesis of idiopathic LQTS and probably to the characteristic cardiac electrical instability associated with it. The large anterior negativity could indicate delayed repolarization of a portion of the anterior ventricular wall. This, as already noted,29 would fit well with the hypothesis that lower than normal right cardiac sympathetic activity is the basic pathogenetic defect of LQTS.1 4
The multipeak distribution and a high nondipolar content noted on eigenvector analysis may indicate local disparities in recovery duration, thus providing a mechanism for vulnerability to malignant arrhythmias.33-35 Also, the presence of afterdepolarizations that may contribute to the genesis of arrhythmias in patients with LQTS36 would produce similar local disparities in duration of repolarization that would be consistent with the patterns observed in our patients. However, this nondipolar content should not be equated with the actual occurrence of arrhythmias, which still requires an initiating event. Rather, it suggests a condition in which an appropriate trigger, e.g., sympathetic hyperactivity, may more easily lead to the development of arrhythmias.
